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In Brief
Volkenhoff et al. show that a metabolic
division of labor between glial cells and
neurons is a general, conserved
mechanism. In Drosophila, glycolytically
active glial cells produce alanine and
lactate from trehalose to fuel the neurons.
Knockdown of glycolytic genes in glia,
but not in neurons, leads to severe
neurodegeneration.
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Neuronal information processing requires a large
amount of energy, indicating that sugars and other
metabolites must be efficiently delivered. However,
reliable neuronal function also depends on the main-
tenance of a constant microenvironment in the brain.
Therefore, neurons are efficiently separated from
circulation by the blood-brain barrier, and their long
axons are insulated by glial processes. At the ex-
ample of the Drosophila brain, we addressed how
sugar is shuttled across the barrier to nurture neu-
rons. We show that glial cells of the blood-brain
barrier specifically take up sugars and that their
metabolism relies on glycolysis, which, surprisingly,
is dispensable in neurons. Glial cells secrete alanine
and lactate to fuel neuronal mitochondria, and lack of
glial glycolysis specifically in the adult brain causes
neurodegeneration. Our work implies that a global
metabolic compartmentalization and coupling of
neurons and glial cells is a conserved, fundamental
feature of bilaterian nervous systems independent
of their size.
INTRODUCTION
In most animals, enormous energy expenditure is required to
allow neuronal function. In humans, the brain comprises only
about 2% of the body mass but still it is responsible for about
20% of the resting oxygen consumption (Laughlin et al., 1998).
Likewise, in flies, photoreceptor cells in the retina alone consume
about 10% of the normal ATP production (Harris et al., 2012).
Therefore, an efficient transport of energy-rich nutrients such
as sugars needs to be established at the outer brain barriers.
In the mammalian nervous system, the blood-brain barrier
(BBB) is built by tight junctional contacts formed between endo-
thelial cells in brain capillaries. Junctional contact formation is
induced byCNS pericytes, which associate with the brain vascu-
lature prior to barrier formation (Armulik et al., 2011; Daneman
et al., 2010). In addition, after development, pericytes seem to
be essential for maintenance of neurovascular unit integrity (Ar-
mulik et al., 2010; Bell et al., 2010). Although astrocytes develop
after first barrier functions have been established, they appear toCell Meexert important roles in controlling BBB function after birth (Bush
et al., 1999; Janzer and Raff, 1987). After formation of the endo-
thelial tight junctions, uncontrolled paracellular leakage of sol-
utes and entry of blood cells into the brain is blocked (Abbott
et al., 2006; Quaegebeur et al., 2011; Zlokovic, 2008). However,
a normal BBB is not necessarily linked to the formation of tight
junctions between endothelial cells. In some representatives of
the vertebrate clade, such as elasmobranch fish (sharks, skates,
and rays) or primitive bony fish (sturgeon), the BBB is formed by a
perivascular glial sheath without any tight junctions. Instead,
these glial cells form overlapping lamellae and thereby most
likely extend the diffusional path to establish the barrier (Bundg-
aard and Abbott, 2008).
In contrast to the vascularized brain of vertebrates, the ner-
vous system of invertebrates is not invaded by blood vessels
but rather floats in the so-called hemolymph, which acts as
the transport vehicle for all nutrients. To set up the BBB, the ner-
vous system is encased by a complex glial layer that establishes
a morphologically surprisingly similar BBB when compared to
primitive vertebrates (Abbott et al., 2006; Carlson et al., 2000;
Stork et al., 2008). TheDrosophila BBB is generated by two glial
cell types, which together build the so-called surface glia. The
outermost glial cells are the perineurial glial cells with currently
unknown function. Below these are the subperineurial glial cells
that set up highly interdigitated cell contacts elongating the
diffusion path. In addition, the subperineurial glial cells establish
extensive septate junctions that further seal the barrier and pre-
vent influx of even small metabolites (Figure 1) (Stork et al.,
2008).
Thus, in all investigated model organisms, the nervous system
is metabolically separated from the remaining body. This, in turn,
calls for an efficient transport of nutrients across the BBB. In
the mammalian brain as well as in the invertebrate nervous sys-
tem, it has been long thought that glial cells and neurons are
metabolically coupled (Pellerin andMagistretti, 1994; Tsacopou-
los et al., 1988). In vertebrates, neuronal synaptic activity causes
a high energy demand and results in the secretion of glutamate,
which is thought to stimulate aerobic glycolysis in perisynaptic
astrocytes (Pellerin and Magistretti, 1994). Astrocytic glycolysis
is based on glucose taken up from the endothelium and gener-
ates lactate, which is then secreted to fuel the citrate cycle and
respiratory chain in neuronal mitochondria. This intricate meta-
bolic interaction has been coined as the astrocyte-neuron
lactate shuttle (ANLS) hypothesis (Allaman et al., 2011; Pellerin
and Magistretti, 1994, 2012). It was recently shown that pre-
synaptic and postsynaptic neuronal activity indeed requirestabolism 22, 437–447, September 1, 2015 ª2015 Elsevier Inc. 437
A B Figure 1. Glial Cells of the Drosophila Ner-
vous System
(A) Schematic cross section through a Drosophila
CNS.
(B) Higher magnification of area boxed in (A).
(A and B) The CNS is covered by an ECM called
neural lamella (NL). The perineurial glia (PG) and
the subperinerial glia (SPG) below form the BBB, in
part by establishing septate junctions (SJ). The
cortex glia (CG) engulfs neurons (N) projecting
their axons and dendrites to the neuropil (NP) and
neuroblasts (NB). The neuropil is covered by
astrocyte glia (AG) and ensheathing glia (EG). Glial
cells are coupled by gap junctions (GJ). Peripheral
axons are enwrapped by wrapping glia (WG).oxidative phosphorylation and not glycolysis (Hall et al., 2012).
Moreover, in white matter tracts, a metabolic crosstalk between
myelinating glial cells and axons was demonstrated to be critical
for axonal survival (Fu¨nfschilling et al., 2012; Lee et al., 2012).
Work on the bee retina indicated that a similar metabolic interac-
tion might exist in the invertebrate nervous system (Tsacopoulos
et al., 1988, 1994).
In insects such as Drosophila, the main energy supplying
metabolite is trehalose, a non-reducing disaccharide formed
by two a-glucose monomers linked in a 1,1-glycosidic bond.
Trehalose is found in a high concentration (50–175 mM) in the
Drosophila hemolymph (Broughton et al., 2008; Friedman,
1978; Lee and Park, 2004; Pasco and Le´opold, 2012). Therefore,
trehalose might be the sugar that is taken up by the BBB
glial cells to provide the brain with energy. From the glial cells,
energy-rich metabolites should be distributed to all cells in the
brain. However, which and how energy-rich metabolites are
transferred (e.g., to the neurons) is unknown.
Here, we have investigated if and to which extent metabolic
coupling exists in the Drosophila brain. We first characterized
the requirements for trehalose uptake and demonstrated that
the relevant transporter is only expressed by perineurial glial
cells. Surprisingly, we find that glycolytic enzymes are predom-
inantly expressed by the surface glia. Moreover, RNAi and ge-
netic experiments suggest that indeed glycolysis is essential in
glial cells but is dispensable in neurons. Neuronal survival in
the adult brain requires glial glycolysis. Further, high-perfor-
mance liquid chromatography mass spectrometry (HPLC-MS)
experiments demonstrate that glial cells secrete alanine and
lactate, suggesting that alanine-/lactate-derived pyruvate fuels
neuronal mitochondria and respiration. Our work indicates that
metabolic coupling between neurons and glial cells is an evolu-
tionary conserved, global mechanism.
RESULTS
Glial-Specific Knockdown of Trehalose Transporters
Affects Locomotion
The Drosophila BBB is organized in several layers. The outer-
most cells are the perineurial glial cells (Awasaki et al., 2008;
Stork et al., 2008) (Figure 1). They abut the subperineurial glia
that forms a diffusion barrier around the entire nervous system.
As no paracellular flux is observed at this cell layer, all metabo-438 Cell Metabolism 22, 437–447, September 1, 2015 ª2015 Elsevielites including the main hemolymph sugar trehalose have to be
actively transported.
The Drosophila genome encodes two predicted trehalose
transporters, Tret1-1 and Tret1-2, both characterized by 12
transmembrane domains (Figures 2A and 2B). Tret1-1 encodes
two isoforms, Tret1-1RA and Tret1-1RB, while Tret1-2 just en-
codes one. It was previously shown that Tret1-1 transports
trehalose across the plasma membrane of Xenopus oocytes,
whereas no transport function was found for Tret1-2 (Kanamori
et al., 2010). To test the in vivo function of both transporters,
we performed cell-type-specific knockdown experiments.
dsRNA-mediated glial knockdown of Tret1-1 results in a strong
locomotion phenotype in the island assay (Figure 2D; Movie
S1). In contrast, neuronal knockdown of Tret1-1 had no pheno-
typic consequences (Figure 2D; Movie S2). Panglial knockdown
of Tret1-2 also causes flightless flies and neuronal knockdown
has no functional consequences (Figure 2D; Movies S1 and
S2). Tret1-2 originates from a recent gene duplication and is pre-
sent only in few Drosophila species (Figure 2E). In addition, the
missing trehalose transport capacity indicates that it might
have a less important role than Tret1-1 (Kanamori et al., 2010).
Non-Redundant or Partially Redundant Functions of
Trehalose Transporters
To verify the RNAi-based results, we studied mutant alleles. A
Tret1-2 transposon insertion (Tret1-2LL03974) into the last Tret1-2
intron (Figure 2A) is predicted to disrupt incorporation of the last
Tret1-2 transmembrane domain. Homozygous mutants show
the same behavioral deficits as animals with a glia-specific
knockdown, indicating that Tret1-2 is required in glial cells (Movie
S3). Since there is no Tret1-1-specific mutant available, we first
generated a small deficiency, Df(2R)DTret, removing both genes,
Tret1-1 and Tret1-2, by FRT-mediated recombination (Ryder
et al., 2004; Thibault et al., 2004) (Figure 2A).Animals homozygous
for this deficiency die at early larval stages.
Ubiquitous expression of both Tret1-1 isoforms can shift
the lethality associatedwithDf(2R)DTret to adulthood (Figure 3A).
Flies eclose in the expected numbers but show the same behav-
ioral phenotype as displayed by the Tret1-2 transposon inser-
tion mutant (Figure 3A). In contrast, ubiquitous expression of
Tret1-2 is not able to shift the lethal phase associated with the
trehalose transporter deficiency, while it is able to rescue the
flight phenotype of the Tret1-2LL03974 single mutant (Figure 3A).r Inc.
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Figure 2. Trehalose Transporters Are
Essential in Glia
(A) Tret1-1 and Tret1-2 reside in an intron of the
roc2 gene. The different splice forms, the locali-
zation of mutations, and the transposon-insertion
are shown. See also Figure S1.
(B) A Tret1-1PA-specific antibody was generated
against the indicated protein domain. All trehalose
transporters have 12 transmembrane domains.
(C) Genomic rescue construct.
(D) Phenotypes obtained upon tissue-specific
knockdown of Tret1-1 and Tret1-2. ld, locomotion
defects; v, viable; l, lethal; sl, semi-lethal. Gal4
lines and VDRC transformant IDs are indicated.
(E) Tret1-2 arose from a recent gene duplication
and is only present in a few Drosophila species.The re-expression of HA-tagged and untagged trehalose trans-
porters yielded identical results. In conclusion, we assume that
Tret1-1 is the essential trehalose transporter.
Rescue of Tret1-1 Mutants Demonstrates a Glia-
Specific Function
To further study Tret1-1 function, we generated CRISPR-
induced Tret1-1 mutants. Two alleles, Tret1-1XCVI and Tret1-
1LXXXI, were recovered in which both Tret1-1 isoforms are
affected (Figures 2A and S1A). Both mutations cause pupal
lethality in trans to a Tret1-1 deficiency. To further support the
notion that Tret1-1 is required in glial cells, we performed cell-
type-specific rescue experiments. Using the Gal4 system, we
ubiquitously expressed Tret1-1 (daGal4) and concomitantly ex-
pressed theGal4 inhibitor Gal80 either in glial or in neuronal cells.
In Tret1-1 mutant flies with the genotype [Df(2R)DTret / Df(2R)
DTret, repoGal80; daGal4, UAS-Tret1-1], all cells except glial
cells express Tret1-1. In these animals, the lethal phase associ-
ated with Df(2R)DTret is not rescued, indicating that glial expres-
sion of the trehalose transporter is essential (Figure 3A). In
contrast, when we performed rescue experiments in the pres-
ence of elavGal80, which allows expression in all cells except
neurons, a full phenotypic rescue is achieved ([elavGal80;
Df(2R)DTret / Df(2R)DTret; daGal4, UAS-Tret1-1]) (Figure 3A).
In conclusion, this clearly demonstrates that trehalose trans-
porter activity is necessary in glial cells but dispensable in
neurons.
Tret1-1 Is Specifically Expressed by Perineurial Glial
Cells
The above findings predict a glial expression of Tret1-1. To
test this, we generated specific antisera, which detect a signal
at the outermost layer of the nervous system (Figures 2B,Cell Metabolism 22, 437–447, S3B, and 3D). This expression domain is
absent in homozygous mutant Df(2R)
DTret larvae (Figure 3C). In addition, we
tested the specificity of the antisera
following dsRNA-mediated knockdown
(Figures S2C and S2D). Upon glial knock-
down, Tret1-1PA expression is abolished
in the nervous system, whereas neuronal
knockdown of Tret1-1 did not alter theexpression pattern (Figures S2C and S2D). To further delineate
the cell type expressing Tret1-1PA, we stained brains expressing
GFP in the subperineurial glia for GFP, Tret1-1PA, and laminin,
which labels the neural lamella (Figure 1). Dotted Tret1-1 expres-
sion, suggesting a vesicular expression, can be seen in the cell
layer abutting the subperineurial glia and below the neural
lamella (Figures 3D and S2E). In addition, Tret1-1 expression
can be found in some uncharacterized cells (Figure S2A, S2C,
and S2D).
The antibody recognizes the Tret1-1PA isoform (Figures 2B
and 3B). To obtain information on the expression of both iso-
forms, we generated an HA-tagged genomic rescue construct,
which is able to fully rescue the lethality of the Df(2R)DTret defi-
ciency (Figures 2C and 3A). Corroborating the findings obtained
with the Tret1-1 antibody, Tret1-1HA expression is robustly acti-
vated in the perineurial glia (Figure 3E). In the brain, the antibody
staining against Tret1-1PA and the Tret1-1HA expression
broadly overlap (Figure S2A). Additionally, Tret1-1HA is ex-
pressed in the fatbody (Figure S2B). Interestingly, the antibody
against Tret1-1PA did not detect expression in the fatbody, sug-
gesting that isoform PB is expressed in the fatbody and that
Tret1-1PA is specific for perineurial glia.
Glycolysis Is Needed in Glia
Assuming that trehalose is only taken up by the perineurial glia, it
must be further metabolized through glycolysis. In total, ten en-
zymes are required to generate pyruvate, which fuels the citrate
cycle in mitochondria (Figure 4A). We used RNAi for tissue-spe-
cific knockdown of the glycolytic genes. To test the efficacy of
the different UAS-dsRNA strains, we first performed ubiquitous
dsRNA-mediated knockdown of all ten genes encoding en-
zymes relevant for glycolysis (Figure 4A). The ubiquitous sup-
pression of six of these genes resulted in lethality, suggestingeptember 1, 2015 ª2015 Elsevier Inc. 439
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Figure 3. Tret1-1 Is Expressed by Perineurial Glia
(A) Schematic representation of rescue experiments. The different genotypes
and the presence of either repoGal80 or elavGal80 is indicated. n = 5 inde-
pendent crosses. ld, locomotion defects; v, viable; l, lethal; sl, semi-lethal.
(B) Tret1-1 expression in a second instar larval brain (magenta; neuronal
membranes are shown in green).
(C) Staining of a second instar larval brain homozygous for Df(2R)DTret. No
Tret1-1PA staining is visible.
(D) Tret1-1 protein is expressed in the outermost glial cell layer of the L3 larval
CNS (magenta, arrows) and in some uncharacterized cells in the cortical region
(arrowhead). Single confocal section. Subperineurial glial membranes (moody-
Gal4 and UAS-CD8GFP) are shown in green, and laminin expression in the
neural lamella is shown in cyan.
(D0–D0 0 0 0) Region boxed in (D). A merge and the different channels in grayscale
are shown.
440 Cell Metabolism 22, 437–447, September 1, 2015 ª2015 Elseviethat the RNAi effect is strong (Figure 4B). In a next step, we
silenced these six genes specifically in all glial cells or all neurons
(Figure 4B). Upon panglial knockdown (repoGal4) of Phospho-
glycerate kinase, Phosphoglycerate mutase or Enolase flies
eclose but show severe locomotion defects and are not able
to fly. Panglial knockdown of Trehalase, Aldolase, and Pyruvate
kinase results in late larval to early pupal lethality. This shows
that the enzymes of the glycolytic cascade are needed in glial
cells. Surprisingly, no such requirement can be found in neurons.
Silencing of genes encoding glycolytic enzymes in neurons
(nsybGal4) never compromised viability and did not affect the
behavior of the animals (Figure 4B). This suggests that neurons
do not need the glycolytic pathway.
Trehalase Function in Glial Cells
The first enzyme required for the degradation of trehalose is tre-
halase. The Drosophila genome comprises three genes that
encode such enzymes. Trehalase (Treh) is widely expressed
throughout development (FlyBase). The related gene CG6262
is only expressed in imaginal discs, fatbody, and testis, while
CG16965 is mainly expressed in the adult midgut (FlyBase). A
transposon insertion (Mi{ET1}CG16965MB06672) that disrupts
the second exon of CG16965 is homozygous viable, indicating
that the gene is not essential. To further assay the function of
Treh and CG6262, we generated different TALEN-induced null
alleles. Loss of CG6262 is homozygous viable (Figure S1B).
For Treh, three independent null alleles were isolated, which all
result in lethality during the first larval instar in homozygosity
and in trans to a chromosomal deficiency (Figures 5A and
S1C). To further delineate the expression domain, we generated
a 16-kb-large HA-tagged genomic rescue construct (Figure 5B).
This construct does not appear to include all sequences to direct
high level of expression, since we obtained full rescue of the le-
thal phenotype of homozygous TrehII-8, TrehIV-9, or TrehX-2 flies
only when we used two copies of the construct. Indeed, expres-
sion levels were so low that HA-staining could barely be detected
in larval tissues, where it is enriched in the surface layer of the
CNS (Figure 5C). In adult brains, HA-tagged Trehalase is also
predominantly expressed by glia (Figure 5D).
To independently test whether Trehalase is required in glia,
we performed Gal4-based rescue experiments. However, ubiq-
uitous Trehalase expression (daGal4) leads to pupal lethality,
preventing further genetic analysis. Overexpression of Trehalase
in only glial or neuronal cells (repoGal4 or nsybGal4) did not
interfere with viability, whereas expression in muscle cells
(mefGal4) also caused pupal lethality. Thus, we assume that
increased expression of Trehalase may result in a general deple-
tion of trehalose in the hemolymph resulting in the animal’s
death.
Glycolytic Processing of Trehalose Is Needed in Glia
The above data indicate that trehalose is specifically taken up by
the perineurial glia where it is subsequently metabolized. Treha-
lase function converts trehalose into two glucose molecules,(E) Expression of the Tret1-1-HA genomic rescue construct (magenta, see
Figure 2) in the perineurial glia (arrows) counterstained for subperineurial glial
membranes (green, moody-Gal4, UAS-CD8GFP).
(E0) Single section from the region boxed in (E). See also Figure S2.
r Inc.
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Figure 4. Glycolysis Is Essential in Glia
(A) Glycolytic pathway. Enzyme names are given. Functional dsRNA con-
structs are available against enzymes in bold.
(B) Schematic representation of the phenotypic consequences of dsRNA
directed against glycolytic genes. Ubiquitous expression (daGal4), panglial
expression (repoGal4), and neuronal expression (nsybGal4). n R 5 indepen-
dent crosses. ld, locomotion defects; v, viable; l, lethal; sl, semi-lethal.which can be further channeled into the glycolytic pathway or
could be secreted. To test whether enzymes of the glycolytic
cascade are predominantly expressed by glia, we searched for
protein trap insertion lines that reliably delineate the endogenous
expression pattern of a gene (Buszczak et al., 2007; Morin et al.,
2001; Quin˜ones-Coello et al., 2007). For the Aldolase gene such
a protein trap line is available (FlyBase), where five of ten
deduced Aldolase isoforms are tagged by GFP (Figure 5E).
Expression of this AldolaseGFP protein trap is enriched in the
perineurial glia (Figure 5F). This surprising finding suggests that
glycolysis in the nervous system is predominantly active in the
perineurial glial cells. Since no other protein trap line was avail-
able, we generated an HA-tagged genomic rescue construct en-
compassing the Pyruvate kinase locus to further test whether the
glycolytic cascade is predominantly active in glia (Figure 5G). Py-
ruvate kinase expression is enriched in the surface glia of larvae
(Figure 5H). In addition, we noted prominent expression of pyru-
vate kinase in neuroepithelial cells of the brain lobes and neuro-
blasts (Figure 5H). A low level of pyruvate kinase expression was
noted in all neural cells (Figure 5H). Thus, expression of glycolytic
enzymes appears to be regulated in a complex manner with a
clear expression in the glial cells of the BBB.
Energy Supply Is Mediated Differentially in Neurons and
Glia
The above findings imply that neurons do not require glycolysis,
indicating that glia secretes metabolites, such as pyruvate or
related C3 compounds, which would then be taken up by neu-
rons to fuel the mitochondrial TCA cycle. Therefore, it can be ex-
pected that C3 transporters with different kinetics are expressedCell Meand required in glia and in neurons. The Drosophila genome har-
bors 22 potentially relevant monocarboxylate transporters
(MCTs) (FlyBase), and we silenced them in glia or in neurons.
Different subsets of the MCTs seem to be needed in glial
cells and neurons, suggesting that the transport machinery
to distribute C3 compounds is present (Table S1). It was re-
cently shown that mammalian MCT1 is required in oligodendro-
cytes to support neurons (Lee et al., 2012). Interestingly, glial
knockdown of four related MCT transporters causes lethality
(dmMCT1, Sln, CG13907, and CG3409) (see Table S1;
Figure S3).
Glial Cells Secrete Alanine and Lactate to Feed Neurons
In order to directly determine which C3 compound is secreted by
glial cells, we performed aHPLC-MS-based analysis. To obtain a
sufficient number of cells for this analysis, we sorted either glia
or neurons expressing cytosolic GFP and subsequently deter-
mined the profile of secreted compounds (Figures 6A–6C).
Following fluorescence-activated cell sorting (FACS), the nature
of the cells was verified by antibody staining (Figures 6D and 6E).
600,000 cells were plated in a density of 20,000 cells per ml
and fed with isotope-labeled trehalose (13C12-trehalose). Sub-
sequent HPLC-MS measurements show that glia secrete
13C-labeled alanine and lactate, but no pyruvate after 16 hr of in-
cubation (Figure 6F). In contrast, isolated neurons are not pro-
ducing alanine or lactate from labeled trehalose after this time
(Figure 6G). In vivo, secreted alanine and lactate could be taken
up by neurons where they are presumably converted to pyruvate
to fuel the mitochondrial citrate cycle. Indeed, isolated neurons
were able to utilize 14C-labeled lactate or alanine for CO2 pro-
duction (see Experimental Procedures).
To further test whether neurons indeed require the mitochon-
drial TCA cycle, we silenced nuclear-encoded genes required
in the citrate cycle. As expected, ubiquitous suppression of
these enzymes resulted in lethality (Table S1). We also noted a
lethal phenotype when we silenced TCA enzymes in muscle
cells. Silencing of the same genes in neurons caused pheno-
types for three out of seven genes tested. In contrast, we
noted no abnormal phenotypes when we silenced TCA cycle
genes in glia (Table S1). This indicates that glia can live on gly-
colysis only, while neurons rely on the citrate cycle for energy
production.
Glycolysis inGlial Cells Is Required for Neuronal Survival
Overall, animals with impaired glial glycolysis die during devel-
opment (Figure 4). To further address the role of glial glycolysis
in fully developed flies, we utilized the TARGET system (McGuire
et al., 2003). Here, a temperature-sensitive Gal80 variant condi-
tionally inhibits tissue-specifically expressed Gal4. Upon shifting
the flies to the restrictive temperature, Gal80ts becomes non-
functional, and expression of UAS-based constructs can take
place. Silencing of glycolytic genes specifically in adult neurons
caused no abnormal phenotype and did not change the flies’ life-
span (Figure 7A). In contrast, when we silenced glycolytic genes
specifically in adult glia, we noted a dramatically reduced life-
span, and within 4 weeks, all flies died (Figure 7A). To find the
cause of the flies’ death, we sectioned their heads after 3 weeks
of dsRNA expression, shortly before flies died (Figure 7A). Upon
panglial silencing but not upon neuronal silencing of Trehalase ortabolism 22, 437–447, September 1, 2015 ª2015 Elsevier Inc. 441
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Figure 5. Trehalase Is Required in Surface
Glia
(A) Schematic representation of the Trehalase
(Treh) gene. The splicing pattern and transcrip-
tional start sites are indicated. The position of three
mutations (IV-9, II-8, and X-2) in the largest coding
exon is indicated.
(B) HA-tagged genomic rescue construct.
(C) In the larval brain HA-expression is found at low
levels in glia.
(D) Elevated levels of HA-expression are found in
the glia of the adult brain.
(D0) Magnification of region boxed in (D). A merge
and the single channels are shown.
(E) Schematic representation of the Aldolase (Ald)
gene. The splicing pattern and transcriptional start
sites are indicated. The integration site of the
protein trap (AldCPTI002230) that targets five of the
ten Aldolase isoforms is depicted.
(F) Expression of the Aldolase protein trap.
The fusion protein is expressed in the surface glia
(arrow) in (F00).
(F0–F0 0 0 ) single section from the area boxed in (F).
(G) The Pyruvate kinase (Pyk) HA-tagged genomic
rescue construct.
(H–H0 0 0) The Pyruvate kinase-HA fusion is ex-
pressed broadly in the nervous system. Enrich-
ment of Pyk expression is seen in the surface glia
(arrow), the neural epithelium (NE), and neuro-
blasts (asterisk). Two different single focal sec-
tions through an optic lobe are shown.Pyruvate kinase, we frequently noted holes characteristic for
neurodegeneration (Bettencourt da Cruz et al., 2008) (Figures
7C, 7D, and S4A–S4D).
Histological analysis of such brains revealed that depletion of
Trehalase or Pyruvate kinase in glial cells but not in neurons re-
sulted in a significant increase in the number of activated Cas-
pase 3-positive nuclei in the brain, indicating cell death (Figures
7B, 7E, 7F, and S4E–S4I). Interestingly, Caspase 3 activation
was confined to neuronal cells and was only found when
Trehalase or Pyruvate kinase functions were suppressed in glia
(Figures 7E, 7F, and S4E–S4H). Thus, we conclude that glial
glycolysis is essential for neuronal survival.
DISCUSSION
Neurons require a constant extracellular milieu and favored the
evolution of the BBB. In addition, neurons need a large amount
of energy to fulfill their computational workload, which poses
the question how metabolic supply is organized in the brain.
Here, we demonstrate an efficient and surprising division of labor
in the Drosophila nervous system, extending the concept of the
ANLS hypothesis (Pellerin and Magistretti, 1994). We show that
in flies the majority of the glial energy demand appears to be442 Cell Metabolism 22, 437–447, September 1, 2015 ª2015 Elsevier Inc.satisfied by glycolysis, whereas neurons
require the activity of the mitochondrial
TCA cycle, which seems to be fueled by
glia-derived alanine and lactate. Our
data suggest that the metabolic division
of labor between glia and neurons is aglobal concept that is conserved throughout evolution rather
than a local phenomenon at mammalian synapses and in myelin-
ated axons.
In Drosophila, the BBB is established by two distinct types
of glia, the perineurial and the subperineurial glia (Bainton
et al., 2005; Schwabe et al., 2005; Stork et al., 2008). The sub-
perineurial glia forms septate junctions and thereby generates
a paracellular diffusion barrier that acts as an endothelial
barrier. The function of the perineurial glia was previously
unknown. Here, we demonstrate that trehalose is taken up
specifically by these cells, where it is processed through
glycolysis. Glycolytic end products could be transferred be-
tween different glial cells via gap junctions. In Drosophila,
these junctional contacts are generated by innexins, which
are specifically expressed by glia (Holcroft et al., 2013).
In particular, intensive gap junctional coupling has been
observed between BBB glial cells (Spe´der and Brand, 2014).
However, likewise gap junctional coupling has been noted
for cortex and astrocytic glial cells in the fly (Melom and Little-
ton, 2013; Stork et al., 2014), suggesting that possibly all glial
cells form a large metabolic compartment. Interestingly, a
similar coupling of glial cells has been noted in mammals (Ma-
glione et al., 2010; Zahs, 1998).
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Figure 6. Glial Cells Secrete Alanine and Lactate
(A–C) Exemplary FACS protocol for GFP+ cells sorted from dissociated larval brains.
(A) No GFP+ cells are found in control brains.
(B) GFP+ neurons from UAS-GFP; nsyb-Gal4 animals.
(C) GFP+ glial cells from UAS-GFP; repo-Gal4 animals.
(D) Glial cell stained for Repo and GFP.
(E) Neuron stained for Elav and GFP.
(F) HPLC-MS analysis of the supernatant of primary glial cells fed with 13C12-trehalose. Glial cells secrete
13C3-alanine and
13C3-lactate, but no
13C3-pyruvate (red
arrows). MS traces from a representative experiment (n = 3) are depicted.
(G) HPLC-MS analysis of the supernatant of primary neurons fed with 13C12-trehalose. Neurons do not produce
13C3-alanine,
13C3-lactate, or
13C3-pyruvate. MS
traces from a representative experiment (n = 3) are depicted.The first enzymatic function of glycolysis, the degradation of
trehalose, is encoded by the Trehalase gene. Trehalase, as
well as Aldolase and Pyruvate kinase, is predominantly found
in the surface glia, supporting the notion that the perineurial
glia take up sugar and distribute small C3 compounds to other
cells fueling their TCA cycle.
Our HPLC-MS data indicate that glial cells are able to convert
trehalose to alanine and lactate, which are then secreted. Both of
these compounds can be oxidized by neurons. In agreement
with this finding, it had previously been shown that bee retinal
pigment cells—which can be considered as a glial cell type—
are also able to secrete alanine (Edwards and Meinertzhagen,
2010; Tsacopoulos et al., 1988, 1994). Likewise, it was reported
that in Drosophila, neuronal but not glial knockdown of nuclear
genes encoding components of complex I required for oxidative
phosphorylation causes aggressive behavior (Li-Byarlay et al.,
2014). This reflects the metabolic coupling of glial cells and neu-
rons that has first been noted 20 years ago (Dringen et al., 1993;
Pellerin and Magistretti, 1994; Pellerin et al., 2007; Walz and Mu-
kerji, 1988). In the ANLS model, synaptic activity is followed byCell Meglutamate uptake into astrocytes, which induces glucose uptake
and lactate secretion. Neurons, in turn, take up lactate to fuel the
mitochondrial TCA cycle and to replenish the ATP needed for
synaptic transmission (Hall et al., 2012). Drosophila glia secretes
alanine and lactate. In vivo, alanine possibly acts as a constitu-
tive feeding source, and lactate is released upon neuronal activ-
ity, allowing an easy adaptation to changing neuronal energy de-
mands. Nevertheless, two transposon insertions in coding exons
of the alanine aminotransferase gene (CG1640, CG1640NP3565,
and CG1640NP2509) are homozygous viable, which either means
that there are other genes encoding for alanine aminotransfer-
ases or that the two systems can supplement for each other.
Although current evidence indicates a major metabolic separa-
tion between glia and neurons, it should be noted that glycolytic
enzymes are still expressed in neurons, albeit at lower levels, and
might facilitate fast axonal transport (Zala et al., 2013). Likewise,
neuronal expression of some glycolytic enzymes is required for
longevity in Drosophila (Miller et al., 2012). In line with this are
transcriptome data that show elevated expression of glycolytic
genes in the surface glia (DeSalvo et al., 2014) (Table S2).tabolism 22, 437–447, September 1, 2015 ª2015 Elsevier Inc. 443
Figure 7. Glial Glycolysis Is Essential for
Neuronal Survival
(A) Survivals of female flies expressing dsRNA
against Trehalase (Treh), Pyruvate kinase (Pyk), or
GFP in adult glia or neurons. Knockdown of
glycolysis in glia leads to a severe lifespan
reduction. Shown are the survival curves of 100
flies from a representative experiment (n = 3).
(B) Quantification of Caspase 3-positive nuclei
in the genotypes indicated. Activated Caspase
3-positive nuclei were counted in six brains per
genotype. p values were calculated using a
one-tailed Student’s t test, and error bars repre-
sent SD.
(C and D) Semi-thin sections through adult brains
of flies expressing TrehdsRNA in glia or neurons are
shown in (C) (glia) and (D) (neurons). Glial Treh
knockdown leads to holes in the cell body layer,
while neuronal Treh-RNAi has no effects.
(C0 and D0) Boxed regions are enlarged in (C0) and
(D0), respectively.
(E–E0 0 0) Glial knockdown of Treh leads to neuronal
cell death as indicated by Caspase 3 expression.
A cropped region of a single section is shown
as merge (E) and single channels in grayscale
([E0 ]–[E0 0 0]) (quantification in [B]).
(F–F0 0 0) Neuronal knockdown of glycolytic genes
does not influence neuronal or glial survival.
A cropped region of a single section is shown
as merge (F) and single channels in grayscale
([F0]–[F0 0 0]) (quantification in [B]). See also
Figure S4.It was recently recognized that neurons need glial metabolic
support on a more general basis. Myelinated axons, which often
reach enormous lengths, are separated not only from circulation
by the BBB but also by their myelin sheath from a free metabolic
exchange with extracellular spaces (Nave, 2010). Interestingly,
like in Drosophila glia, mitochondrial function appears dispens-
able for cell survival in differentiated mammalian glia, since the
block of mitochondrial function in oligodendrocytes did not
cause cell death (Fu¨nfschilling et al., 2012). This suggests that
in mammals the glial energy balance is also covered by glycol-
ysis. In addition, it was recently shown that MCT1 is predomi-
nantly expressed in oligodendrocytes and systemic knockdown
of MCT1 results in neurodegeneration (Lee et al., 2012). In this
respect it is interesting to note that in flies block of glial glycolysis444 Cell Metabolism 22, 437–447, September 1, 2015 ª2015 Elsevier Inc.results in neurodegeneration and that
several MCT1-related transporters are
required in Drosophila glia. However,
phylogenetic analysis indicates that di-
versity evolved independently in the two
species, making a direct assignment of
homologs difficult (Figure S3) (Larkin
et al., 2007). Interestingly, neuronal
knockdown of individual MCTs has less
severe effects than glial knockdown,
indicating redundancies between the
different transporters.
In conclusion, we show here a surpris-
ing global separation of metabolic tasksbetween neurons and glial cells and concomitantly an intricate
coupling of neurons and glial cells, which is needed for efficient
nurturing of neurons. This metabolic division of labor appears as
a general, evolutionary conserved strategy and therefore may be
more widespread than initially anticipated.
EXPERIMENTAL PROCEDURES
DNA Constructs
For Gal4-directed expression, pUASt-attB-rfa or pUASt-attB-rfa-3xHA vec-
tors were used (Rodrigues et al., 2012). cDNAs were amplified from wild-
type adult mRNA and verified by sequencing. Genomic rescue constructs
for Tret1-1, Treh, and Pykwere generated by Golden Gate cloning, and details
are available upon request. Rescue constructs were inserted into the 86Fb or
the 44F landing site (Pyk rescue) (Bischof et al., 2007).
Drosophila Work
Flies were raised at 25C on standard medium. The following stocks were
used: UAS-dsRNA flies were obtained from Vienna Drosophila Resource
Centre (VDRC) or the TRiP collection (Bloomington); Tret1-2LL03974 and
AldCPTI002230 (DrosophilaGenetic Resource Centre); repoGal4 (Lee and Jones,
2005; Sepp and Auld, 1999), nsybGal4 (Pauli et al., 2008), mef2Gal4, daGal4,
tubGal80ts, UAS-GFPdsRNA, UAS-CD8GFP, UAS-GFP (Bloomington); gliGal4
(Schulte et al., 2003), moodyGal4 (Stork et al., 2008), repoGal80 (Awasaki
et al., 2008), elavGal80 (Rideout et al., 2010). To address glial glycolysis in adult
flies, we employed the Gal80ts-based TARGET system (McGuire et al., 2003).
The island assay was performed as described (Schmidt et al., 2012). The
20-kb-large deficiency Df(2R)DTret was generated by FRT-Flp-mediated
recombination using P{RS5} elements 5-HA-1641 and 5-HA-2258 (Ryder
et al., 2004; Thibault et al., 2004). CRISPR-mediated mutagenesis was per-
formed as described in Bassett et al. (2013). Mutations in Treh and CG6262
were generated using a TALEN-based approach (Cermak et al., 2011). For
the different target sequences, see Figure S1.
Immunohistochemistry and Histology
Immunohistochemistry was performed according to standard protocols. The
following antibodies were used: mouse anti-Repo and rat anti-Elav (Develop-
mental Studies Hybridoma Bank, 1:5), rabbit anti-activated Caspase 3 (Cell
Signaling, 1:400), anti-GFP (Millipore, 1:1,000 [chicken] or Invitrogen, 1:1,000
[rabbit]), mouse anti-HA (Covance, 16B12 or Santa Cruz, 1:1,000), and goat
anti-HRP-Cy5 (Dianova, 1:500). Secondary antibodies were coupled to either
Alexa488, Alexa568, or Alexa647 (Invitrogen, 1:1,000). Anti-Tret1-1PA antisera
were obtained against the N-terminal domain of Tret1-1PA expressed as bac-
terial fusion protein and were used in a 1:50 dilution (Pineda). Labeled speci-
mens were analyzed using a Zeiss 710 LSM. p values have been calculated
using a one-tailed Student’s t test, and error bars represent SD. Heads of adult
flies were embedded in Epon as described in Stork et al. (2008). 1 mmsemi-thin
sections were made using an RMCMT-7000 Ultra Microtome, stained with to-
luidine blue, and imaged using a Zeiss Axiophot. Every experiment has been
performed three times.
Analysis of Metabolites Secreted by Glial Cells
Brains from UAS-GFP; repoGal4 (for GFP-positive glia) or UAS-GFP;
nsybGal4 (for GFP-positive neurons) larvae were dissociated as described
previously (Egger et al., 2013). GFP+ cells (about 5,000 cells/brain) were iso-
lated by FACS using a FACSAria II cell sorter (BD Biosciences) with an 85 mm
nozzle. Primary glial cells or neurons were plated into 386-well cell culture
plates at a density of 20,000 cells per ml (30 ml per well) in HL buffer
(350 mM NaCl, 25 mM KCl, 7.5 mM CaCl2, 100 mM MgCl2, 50 mM NaHCO3,
and 25 mM HEPES; pH = 7.2) containing 10 g/l peptone supplemented with
5 mM 13C12-trehalose and were incubated at 25
C for 16 hr. The supernatant
was collected, and the analytes were separated by HPLC (Agilent HP 1100)
using a Nucleoshell HILIC analytical column of 100 mm 3 2.0 mm and
2.7 mm particle size (Ref. 763334.20, Macherey & Nagel). Mobile phase A
was 10 mM NH4HCO3 in water, and B was 10 mM NH4HCO3 in acetoni-
trile/methanol/water 70:15:15. The gradient program for the separation was
0–1 min 100% B, 1–5 min gradient to 90% A, and isocratic until 7.5 min.
Finally, phase B was increased again to 100% from 7.5 to 10 min, then
isocratic until end of the run at 15 min. The flow rate during analysis was
150 ml/min. The HPLC system was connected to an LTQ Orbitrap XL (Thermo
Scientific), through a heated electrospray interface (ESI Ion Max Ion Source)
operating in negative ionization mode using the following parameters: capil-
lary temperature 200C, sheath gas flow 15, aux gas flow 30, sweep gas flow
5, source voltage 3.2kV, source current 100mA, capillary voltage 44V, and
tube lens 30V. The scan type settings were as follows: analyzer, Fourier
transform mass spectrometer (FTMS) operating SIM mode from 80 to 400
m/z; resolution, 30,000FWHM (full width at half maximum); polarity, negative.
CO2 Production Measurements
To test if primary neurons are able to metabolize 14C3-alanine and
14C3-lactate
to 14CO2, FAC-sorted neurons from UAS-GFP; nsyb-Gal4 larvae were plated
into micro-inserts (0.1 ml; VWR 548-0006; shortened to 15mm) for short threat
vials (1.5 ml; VWR 548-0028) at a density of 20,000 cells per ml (30 ml per vial).
Neurons were kept in 1 mM lactate or 1 mM alanine in PBS (pH 7.4) and wereCell Methen supplemented with 0.1 mM 14C3-lactate or 0.1 mM
14C3-alanine, respec-
tively. After 1.5 hr incubation at 22C, 500 ml of Carbo-Sorb E (PerkinElmer
6013721) were added around the micro-insert, and the medium of the closed
vials was acidified by adding 15 ml 0.2 M HCl. After 45 min, the radioactivity in
400 ml of Carbo-Sorb E mixed with 400 ml Permafluor E+ (PerkinElmer
6013181) wasmeasured using a TRI Carb 2900TR Liquid Scintillation Analyzer
(VBI Core Labs). 14C-labeled compounds without cells were used as controls.
Neurons incubated with 14C3-lactate or
14C3-alanine yielded three and five
times higher cpm counts, respectively, than controls. Neurons incubated
without 14C-labeled compounds showed no radioactivity.
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